Demonstration of transverse-magnetic deep-ultraviolet stimulated emission from AlGaN multiple-quantum-well lasers grown on a sapphire substrate Appl. Phys. Lett. 106, 041115 (2015) We report results of two-dimensional local potential measurement of the transverse cross-section of operating buried-heterostructure ͑BH͒ multiple-quantum-well lasers. The measured two-dimensional image of potential distribution resolved clearly the multiquantum-well active region and the p-n-p-n current-blocking structure of the BH laser, showing close correlation to the scanning spreading resistance microscopy image. Nanopotentiometry measurements were also performed on the p-n-p-n current-blocking structure of a BH laser under different forward bias voltages. The nanopotentiometry results provide direct insight into the behavior of p-n-p-n current-blocking layers intended to minimize current leakage. Our results demonstrate the application of nanopotentiometry to the delineation of complex buried structures in quantum optoelectronic devices.
I. INTRODUCTION
In the past decade, a number of methods have been developed to map dopant concentration on the nanometer scale in two and three dimensions.
1,2 Atomic force microscopy ͑AFM͒ based techniques such as scanning spreading resistance microscopy ͑SSRM͒ [3] [4] [5] and scanning capacitance microscopy ͑SCM͒ [6] [7] [8] have been used for two-dimensional ͑2D͒ dopant profiling in semiconductor devices. The quantitative capabilities of these techniques have been demonstrated on unbiased Si-based structures [9] [10] [11] and InP-based structures. [12] [13] [14] More recently, Zavyalov and his co-workers 15 reported the application of SCM on an actively biased cross-sectioned metal-oxide-semiconductor fieldeffect transistor ͑MOSFET͒. Through the use of a physical model, the acquired SCM data were converted to a 2D dopant profile.
If the internal operation of semiconductor devices is to be probed directly, then the challenge is twofold: to resolve as directly as possible the internal potential and carrier density distribution; and to do so in an operating device without substantially perturbing its behavior in the course of the measurement process. To probe only the input/output characteristics at the device terminals is to lose direct information about details of internal dynamics; and to probe the internal nanostructure at zero device bias alone, or with passage of substantial current through the probe, does not allow us to observe the device in its intended state of operation. Nanopotentiometry, 16 ,17 which we also call scanning voltage microscopy, is a tool based on AFM, which is capable of measuring directly and with high spatial resolution the voltage distribution on a cross section through a fully operating semiconductor device. It is worth noting that the measured voltage at each point inside a given semiconductor structure is a macroscopic quantity, while the internal potential profile of the structure, or more specifically, the potential used in a single-particle Schrödinger equation, is a microscopic quantity. As discussed in Sec. III, the macroscopic quantity of voltage can be related to the microscopic quantity of potential in a semiclassical regime. The determination of internal potential distribution is pertinent to many other local properties, such as carrier concentration, band positions, quasiFermi level position, etc. Nanopotentiometry sheds light directly on the electrical characteristics of the devices under a variety of operating conditions. In this sense, nanopotentiometry provides a close view into the behavior of operating semiconductor devices.
Trenkler and co-workers 16 demonstrated the successful application of nanopotentiometry on Si-based MOSFET devices. Nanopotentiometry enables 2D transverse profilinginaccessible in conventional one-dimensional destructive techniques such as secondary ion mass spectroscopy. Nanopotentiometry measurements on fully operational optoelectronic devices have not been reported.
Several other scanning probe microscope based techniques have been proposed as possible candidates for mapping the cross-sectional local potential of a semiconductor device. These include electric force microscopy ͑EFM͒ and scanning Kelvin probe force microscopy ͑SKPM͒. EFM 18, 19 is a phase contrast imaging technique with a complicated quantification procedure-the variations in the electric field gradient above a sample are measured in the actual process. As a consequence, EFM is not suitable for a direct quantitative potential measurement. In SKPM, 20, 21 the tip is scanned in noncontact mode across the cross-section surface of the device. A direct current ͑dc͒ bias is applied to the conductive tip to match the local potential of the surface by minimizing the electric force acting between the tip and the sample surface. However, The technique provides limited spatial resolution ͑50-100 nm͒ and is constrained by its susceptibility to static surface charges.
In nanopotentiometry, a conductive AFM tip is used to measure the voltage distribution on a surface. The conductive probe is scanned in contact mode over the cross section of the device. The local voltage is measured by a precise voltage meter with ultrahigh input impedance. The obtainable spatial resolution is on the same order of the radius of the AFM tip ͑ϳ20 nm͒. The technique has advantages over other diagnostic methods in that: ͑1͒ it is essentially nondestructive; ͑2͒ it does not significantly perturb the device under test; ͑3͒ it enables characterization of operating, even lasing, devices; and ͑4͒ it resolves the 2D transverse cross section of devices, which is particularly important in buried heterostructure ͑BH͒ laser devices.
We report in the present article the extension of the nanopotentiometry technique to a BH multi-quantum-well ͑MQW͒ laser under forward operating bias. By virtue of their tight confinement of carriers and photons to an active region defined by a semiconductor current-blocking structure, BH lasers exhibit low threshold current, low thermal chirping and a stable, circular transverse far-field profile, and thus are intended for directly-modulated deployment. SSRM was first performed to delineate the buried transverse cross-section structure of the laser. A number of high-resolution 2D voltage maps were measured across the MQW active region and the p-n-p-n current-blocking structure of the laser. Individual quantum wells were resolved with nanopotentiometry. Quantitative analysis on the measured nanopotentiometry data of the laser biased at different voltages are presented and discussion is given as well. The results give insight into a key problem in advanced semiconductor laser engineering: revealing the mechanism and influence of current leakage over the current-blocking structure and/or over and around the active region.
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II. EXPERIMENT Figure 1 shows the schematic experimental setup of the nanopotentiometry measurement. A BH MQW laser ͑un-coated, fresh-cleaved facet facing up͒ was mounted in a commercially available atomic force microscope ͓Digital Instruments ͑DI͒, Dimension 3100͔. A conductive AFM probe was scanned in contact mode over the cross section of the device for nanopotentiometry measurements. The laser was set under operation by applying variable forward bias voltages externally. The voltage signal from the conductive probe was measured by a voltage meter with high input impedance ͑Keithley 6517 A͒ and acquired by the AFM computer ͑DI, Nanoscope IIIa͒ via a signal access module ͑DI͒. The Keithley 6517A is an electrometer, which can measure multiple functions including voltage, current, resistance, and charge. The internal operational amplifier ͑Op Amp͒ circuit is reconfigured depending on the function selected. In voltage function, the basic design is a unity gain Op Amp commonly referred to as a voltage follower. Because of this design, it offers a high input impedance, typically Ͼ2ϫ10 14 ⍀, and measures the voltage with minimum perturbation.
The AFM was also equipped with a commercial SSRM application module option which implements a sensitive six decade ͑1 mA-1 nA͒ logarithmic amplifier to measure the electric current flowing from the tip through the sample and to the sample chuck as a function of AFM tip position. The SSRM measurements were performed under contact-mode AFM feedback conditions. The tip was scanned in SSRM measurements at 0.25-4 m/s with forces in the range of 2-5 N. The dc bias applied to the AFM tip was in a range of 0.5-1.0 V.
In nanopotentiometry mode, the tip scan rate varied from 0.004 to 0.5 m/s, depending on the specific requirement of the measurement. The contact force was set high enough to make sure the tip mechanically penetrated the native oxide layer at the sample surface to establish a good electrical contact. The measurements were performed using commercially available boron-doped diamond coated cantilever tips ͑Digi-tal Instruments, spring constantϭ40 N/m), which have been proven to allow quantitative experimental measurements. 13, 23 The MQW active region of the BH ͑InGaAsP/InP͒ lasers was grown by metalorganic chemical vapor deposition. The mesa of the laser was buried beneath a four-InP-layer thyristor structure with alternating doping type. The laser samples were metallized to produce ohmic contacts. A polish-free sample preparation procedure 23 was taken to produce clean bar cleaves devoid of fracture lines and to minimize over edge current leakage. The sample bar was then mounted with the cleaved edge facing up in a metal clamp, with a probe that allowed a single device to be biased. The currentvoltage characteristics of the laser devices were measured before, during, and after the nanopotentiometry experiment. No change was observed in device electrical behavior. The topographic AFM image of the device surface, obtained simultaneously with the SSRM and nanopotentiometry data, showed no perceptible features.
III. RESULTS AND DISCUSSION
Scanning spreading resistance microscopy was deployed to examine the cross section of the laser structures prior to the nanopotentiometry measurements. Figure 2 shows a SSRM image obtained on the uncoated facet of the BH MQW laser device. The bias voltage was 0.5 V and the tip FIG. 1. Schematic diagram of nanopotentiometry experimental setup. A dc current source was used above ϳ1 mA current. In measurement performed below ϳ1 mA a reference resistance of 99.9 ⍀ was connected in series with the laser device as a current limiter and a dc voltage source was used.
scan rate was 0.25 Hz. The n ϩ substrate is the bright band at the bottom. The buried mesa structure is clearly resolved in the SSRM image. The narrow, bright strip around the center of the image is the MQW active region, which is clad by p-and n-doped layers above and below. At the left and right sides of the active region are the symmetric p-n-p-n currentblocking structures. Damage induced during engaging of the tip is visible on the left side of the SSRM image. We find that the first SSRM image typically gives the best results. This problem is less marked for nanopotentiometry, where no current flows. Further details about this BH laser, such as dopant levels and a detailed discussion of SSRM and SCM results, can be found in our previous article. 14 Following completion of the SSRM measurements, the experimental setup was changed to allow the nanopotentiometry measurement. Figure 3 shows the 2D voltage profile acquired under a dc forward bias of 0.845 V, which resulted in a current of 10.55 mA ͑above lasing threshold͒. The buried mesa is clearly resolved in the nanopotentiometry image and correlates well to the structure shown in Fig. 2 . The narrow strip labeled with an arrow is the MQW active region, clad by p-and n-doped layers from the left and right. At the top are the p-n-p-n current-blocking structures. Individual quantum well/barrier periods were resolved by slowing down the nanopotentiometry scan, as shown in the inset. The sharp delineation of the MQW active region reflects the high spatial resolution ͑sub ϳ20 nm͒ attainable with these measurements. The accumulated voltage drop from the p-metal to the substrate measured from the nanopotentiometry is 0.844 V, in good agreement with the external voltage applied to the device. The voltage is nearly uniform over the n-doped regions due to the high electron mobility and doping concentration. Dips over the MQW active region and the second p-doped layer from the left side are perceptible, indicating that the voltage in these layers is actually higher than in their neighboring regions.
The dip in the cross-sectional voltage drop curve ͑as shown in the inset͒ might imply a local energy minimum in potential for electrons, which is in agreement with the carrier trap nature of the MQW active region. The formation of local energy minimum may be due to the pinning of Fermi levels in quantum wells and the difference of material properties ͑such as band gap, electron affinity͒ between InP and InGaAsP quaternary materials. As the laser was biased above threshold, the quasi-Fermi level was pinned and carriers were injected into the active region predominantly through diffusion from left ͑holes͒ and right sides ͑electrons͒. The holes and electrons were then captured in quantum wells and recombined for light emission. Since the thickness of the MQW active region is much smaller than the typical diffusion length in the quaternary material, considerably high diffusion current is expected to flow through the active region at or above threshold bias. The charge screening effect may have an impact on the nanopotentiometry measurement from a semiclassical standpoint, particularly when the carrier density accumulates high enough as the laser is biased above threshold. Because of the sluggishness of holes, the carrier density is often not uniform across the active region, 24, 25 causing the nonmonotonic variation of the local voltage. Surface effects could play an important role in the nanopotentiometry measurement, as will be discussed shortly.
The electrical and optical performance of the BH MQW laser depends sensitively on the properties of the p-n-p-n thyristor structure. A well-designed and fabricated p-n-p-n current blocking structure will minimize current leakage. The dopant and voltage profiles play a key role in determining the electrical properties of the p-n-p-n thyristor. This information has yet to be measured directly for an actively biased device, although numerical modeling has been used to pro- vide simulation results. 24 We focus therefore on the experimental determination of the actual dopant and voltage profiles across the current-blocking region of a BH laser under unbiased or biased conditions. Figure 4 shows a typical SSRM current image obtained on the transverse cross section of the p-n-p-n current blocking structure in the BH MQW laser devices. The bias voltage was 1.0 V and the tip scan rate was 0.5 Hz. The top surface is at the left hand edge of the image, while the n ϩ substrate is the bright band at the right. The SSRM image can be compared with the known nominal doping levels of the p-np-n thyristor structure. The first layer from the left side ͑p doped͒ has higher doping concentration than that of the third layer ͑p doped͒ and is brighter in color ͑higher current under the same dc bias voltage͒. Similar color contrast is observed between the second ͑n-type, lower doping concentration͒ and the fourth ͑n-type -substrate, higher doping concentration͒ layers. The depletion regions of p -n junctions are resolved due to the low conductivity as manifested in the darker lines in the SSRM image. We have previously shown that, using known dopant staircase samples to calibrate the instrumentation, the acquired SSRM data may be converted to dopant concentration with good accuracy. Five strips are clearly resolved from the left to the right in the image, corresponding to p-metal layer and the four layers of the p-n-p-n structure, respectively. The voltage remains constant in each of the two n-doped regions, as seen in Fig.  3 . Substantial voltage changes ͑rise/fall͒ at the depletion regions of p -n junctions are clearly observed. As expected, the voltage drop occurs predominantly across high impedance regions, i.e., the depletion regions of p -n junctions. The voltage drop across the middle p -n junction, which was nominally reverse biased according to a simple circuit model of the p-n-p-n structure as shown in Fig. 5 , plays a key role in governing the current leakage over this structure and merits detailed consideration. Figure 6 shows a measured voltage distribution across the p-n-p-n region of a BH laser under zero bias using the nanopotentiometry technique, together with an SSRM resistance curve across the same area. The peaks of the SSRM resistance curve correspond to the highly resistive depletion regions of p -n junctions. Ϫ0.016 V. The p-metal and the two n-doped regions remain at constant voltages of Ϫ0.007, Ϫ0.193, and Ϫ0.016 V, respectively.
A voltmeter measures the difference in the free energy between the two contact points. Phenomenologically, the measured voltage V measd can be divided into three components:
where c1 and c2 are the contact potentials at the p contact ͑c1͒ and at the tip ͑c2͒, see Fig. 1 . 12 is the potential difference between the two points inside the semiconductor device. When the device is in its equilibrium state ͑unbiased͒, the laws of thermodynamics require that the measured voltage V equil must be zero between any cross-sectional points of the structure ͑provided that the potential of each internal layer of the device is not floating͒
As the applied device bias increases from zero, 12 , and possibly the contact potentials, deviate from their equilibrium-state values, leading to an output of V measd :
Subtracting Eq. ͑2͒ from Eq. ͑3͒, we obtain
It is reasonable to ignore the change of contact potential ( c1 ) at c1 since it is closed to a pure ohmic contact and the current flow through the measuring circuit constantly is zero. The contact between the AFM tip and semiconductor surface ͑at c2) is not necessarily ohmic and our previous research indicates it exhibits Schottky-like behavior. 26 The difference of contact potential c2 between the biased and unbiased cases may be approximated by a monotonic function ⌬ c2 of local carrier density n. When the carrier density is close to its equilibrium-state value, ⌬ c2 approximately equals zero. Therefore, the measured voltage can be simplified as
where bias and equil are the internal potential distribution of the device under bias voltage and equilibrium state, respectively. It is worth noting that Eq. ͑5͒ is not likely to apply to the active region of a laser structure under high current injection when the high carrier density effects and many-body effects are expected.
Potential variation across the p-n-p-n region under zero bias was observed as shown in Fig. 6 . The most likely explanation is that due to the unique properties of the thyristor structure the potential of the internal layers of the structure may be floating. Initially, we felt the observation could partly reflect the built-in electrical field at the p -n junctions. However, the built-in voltages across the three p -n junctions ͑from left to right͒ are calculated according to nominal doping concentrations to be 1.183, 1.17, and 1.188 V, respectively. The disparity between the theoretical prediction and experimental data suggests other effects may strongly influence the nanopotentiometry measurements. We propose two other possible surface-related effects to explain the zero bias results: the contact potential between the semiconductor and the AFM tip; and the surface potential of the constituent semiconductors.
As shown in Eq. ͑2͒, if the built-in potential were not fully compensated by the contact potentials under certain conditions, i.e., the case of the p-n-p-n structure, the measured voltage would not be strictly zero. In addition, different contact potentials in various AFM-probe/semiconductorsurface systems were reported by Trenkler and co-workers. 17 By using silicon ͑Si͒, metal and two types of diamond-coated Si AFM probes, nanopotentiometry measurements were carried out on a platinum ͑Pt͒ and a silicon sample. The authors reported different voltage offsets for the various types of probes up to a positive ͑on Pt͒ or negative ͑on Si͒ 200 mV. We expect that, similarly, in the nanopotentiometry measurements reported herein, the contact potentials between diamond-coated Si probes and differently doped semiconductors may also vary, leading to different voltage offsets in different regions.
The semiconductor surface states present another important issue in surface characterization using nanopotentiometry. Surface states are the results of the termination of a three-dimensional crystal potential at an exposed plane. 27 Such effects may be associated with the changes in the potential due to relaxation, reconstruction, surface defects, or adsorbed impurities. 28 The resultant energy levels are primarily localized within the band gap of the bulk band structure. The movement of free charge carriers into the existing surface states is associated with band bending near the surface. As a consequence, the surface Fermi level E f is pinned at the surface states energy levels.
Experimental measurements [29] [30] [31] [32] reveal the position of the pinned Fermi level at InP surfaces to be strongly influenced by the surface crystal orientation, doping types of the semiconductor, and the preparation of the semiconductor surface. Using x-ray photoelectron spectroscopy, Lau and co-workers 33 found the surface Fermi levels of the n-and p-type InP were at 0.4 and 0.7 eV below the conduction-band minimum. Measurement of the Schottky barrier height between Au and the cleaved ͑110͒ surface of InP also revealed a difference of 0.24 eV between n-and p-type InP. 34 Semiconductor surface states may thus alter the surface potential profiles as obtained in nanopotentiometry measurements relative to bulk potential distributions.
As an empirical way of accounting for our zero-bias results, we propose to subtract the zero-bias data from the biased data to obtain a better approximation to the actual change in the potential distribution upon applying an external bias to the device. This seems to be a reasonable first step, although we can not give full theoretical justification.
We measured the voltage profiles across the p-n-p-n region of a BH laser under different biases from zero to abovethreshold forward biases. Nanopotentiometry measurement results show that the accumulated voltage drops ͑from p-metal to n ϩ substrate͒ measured under different bias voltages are in excellent agreement with the external biases applied to the BH laser samples. Figure 7 shows onedimensional voltage profiles across the p-n-p-n region of a BH laser under different bias voltages from 0 to 0.977 V. The potential is invariant across each individual n-doped InP layer. Both voltages decrease as the applied bias increases in such a way that the voltage of the rightmost n-InP layer drops faster than the middle n-InP layer. A substantial voltage drop is visible at the interface of p-metal and the leftmost p-InP in curves of all biases. As the external bias exceeds 0.760 V ͑resultant current is 2.6 mA͒, abrupt changes in voltage become noticeable at the interfaces of the three p -n junctions.
In order to see the net change in the potential distribution, the unbiased voltage curve was subtracted from each of the biased voltage profiles, as shown in Fig. 8 . At small biases, a sudden voltage change appears at the interface of the p-metal with the leftmost p-InP layer. As further bias is applied, substantial voltage drop occurs across the interfaces of the leftmost and rightmost p -n junctions. As the external bias exceeds 0.812 V, abrupt changes in voltage become noticeable at the interfaces of the three p -n junctions. The junction voltage changes saturate under large bias voltages ͑у0.950 V͒ at about 0.12, Ϫ0.11, and 0.18 V from left to right. In a simplified device model ͑as shown in Fig. 5͒ , we may regard the p-n-p-n thyristor structure as three p -n junctions connected in series ͑since the thickness of each layer is comparable to or even larger than the typical diffusion length͒ but the junction direction of the middle one is opposite to that of the other two. The negative voltage change across the second leftmost p -n junction indicates that it was nominally set in forward bias mode according to its own junction direction but in reverse bias mode with regard to the overall current direction through the p-n-p-n structure, blocking current flow through the entire device.
IV. CONCLUSIONS
Two-dimensional nanopotentiometry was used to profile the transverse cross-sectional potential distribution in MQW BH lasers under operating biases. Measured results show a nonmonotonic change in voltage across either the p-n-p-n structures or the MQW active region of the lasers under forward bias voltage close to threshold. Our ability to resolve the MQW active region suggests a 20 nm spatial resolution is attainable. Nanopotentiometry measurements were performed on the p-n-p-n region of a BH laser under different forward biases. The experimental data provides a direct insight into the underlying current-blocking mechanisms of the p-n-p-n thyristor structure. Our results demonstrate the utility of 2D nanopotentiometry to delineate quantitatively the transverse cross-sectional structure of complex twodimensional devices, such as BH MQW lasers, under working conditions.
